A group of plant-specific protein phosphatases has a rich evolutionary history and performs essential roles in development. Still, the products of these three genes account for the bulk of PPKL-related activity in Arabidopsis, and together have an essential role in early stages of development that BSU1 is unable to supplement. Our results underline the functional relevance of BSL phosphatases in plants, and suggest that BSL2/BSL3 and BSU1 may have contrasting effects on BR signaling. Given that BSU1-type genes have likely undergone a functional shift and are phylogenetically restricted, we caution that inferences based on these genes to the whole family or to other species may be misleading.
Introduction
The polyhydroxylated sterols collectively known as Brassinosteroids (BRs) mediate several growth and developmental processes in plants. BRs induce strong elongation responses in bioassays, and plants unable to produce or perceive them are severely dwarfed, with small, dark-green leaves caused by concerted defects in cell division and elongation (Zhiponova et al., 2013) . Signaling by BRs is one of the more thoroughly explored transduction pathways in flowering plants (see (Zhu et al., 2013) for a recent review). The perception of Brassinolide (BL, the most active of BRs) by the extracellular domain of Brassinosteroid-insensitive 1 (BRI1)-type receptor kinases results in the formation of a signaling complex that includes co-receptors of the SERK family. A series of dual-specificity auto-and transphosphorylation reactions in the intracellular kinase domains trigger a signaling cascade that, through shifting phosphorylation states, ultimately reaches the transcription factors BES1 and BZR1. BES1 and BZR1 belong to a plant-specific type of basic-helix-loop-helix proteins with a C-terminal regulatory domain rife with Pro-associated Ser/Thr residues, substrates of a group of GSK3 kinases whose most conspicuous member is Brassinosteroid-Insensitive 2 (BIN2). In the absence of BL, BIN2-mediated phosphorylation prevents these transcription factors from binding to DNA, promotes their export from the nucleus mediated by 14-3-3 proteins, and possibly targets them for proteolytic turnover. Perception of BL inactivates BIN2 and leads to the accumulation of the dephosphorylated, active forms of BES1 and BZR1 in the nucleus.
Protein phosphatases have also found a role in this pathway rich in phosphorylation events. PP2A holoenzymes have been shown to participate in at least two steps. On the one hand, the activity and/or localization of PP2A presumably leads to the dephosphorylation of activated BRI1, accelerating its turnover and shutting off the response (Wu et al., 2011) . On the other hand, regulatory subunits of PP2A associate with BZR1; upon inactivation of BIN2, dephosphorylation of BZR1 allows its rapid accumulation in the nucleus and the consequent transcriptional effects (Tang et al., 2011) . Phosphatases with Kelch-Like domains (Kutuzov and Andreeva, 2002; Moorhead et al., 2009; Oh et al., 2011; Uhrig et al., 2013) . Arabidopsis thaliana BSU1 was the first PPKL to be functionally characterized as a positive effector of BR signaling (Mora-Garcia et al., 2004) . Overexpression of BSU1 in plants suppressed the phenotype of a weak bri1 mutant and led to the accumulation of dephosphorylated BES1/BZR1 (Mora-Garcia et al., 2004; Kim et al., 2009) ; also, the expression of BSU1 in protoplasts increased the levels of the nuclear pool of BES1/BZR1, overcoming the effects of co-expressed BIN2 (Ryu et al., 2007; Kim et al., 2009; Ryu et al., 2010; Ryu et al., 2010) . BSU1 has been shown to interact with members of the membrane-bound Receptor-like Cytoplasmic Kinases (RLCK) families XII (BSK, (Kim et al., 2009) ) and VIIc (CDG1/CDL1, (Kim et al., 2011) ) that are phosphorylated by activated BRI1 (Tang et al., 2008; Kim et al., 2011; Sreeramulu et al., 2013) . BSU1 interacts with and inactivates BIN2 through the dephosphorylation of a GSK3-specific autophosphorylated Tyr necessary for full activity (Kim et al., 2009) , but is unable to dephosphorylate a variant carrying the dominant negative bin2-1 mutation, explaining why this mutation is epistatic over et al., 2009; Kim et al., 2012) . However, evidence for contrasting activities between the members of the family has been recently obtained in rice, where an amino acid change in the Kelch domain of a BSL2 homolog (GL3.1) was identified as a quantitative trait locus that impacts on grain length (Hu et al., 2012; Qi et al., 2012; Zhang et al., 2012) . Grain length increased in loss-of-function mutant plants for Os03g44500 or its closest paralog, but decreased in plants lacking the remaining homolog, related to BSL1 (Zhang et al., 2012) . Divergent evolutionary paths suggestive of neofunctionalization have also been noted between Arabidopsis BSU1 and BSL1 (Liu et al., 2011) .
In this work, using phylogenetic, functional and genetic evidence, we reappraissed the roles of the BSL genes in Arabidopsis, with special emphasis on BSL1, BSL2 and BSL3. We show that these three genes have been highly conserved in all land plants; in contrast, BSU1-type genes are only found in the Brassicaceae and have anomalously divergent sequences that set them apart in an otherwise conservative family. Moreover, we found that, early in development, the three most conserved members of the family together have a critical role that BSU1 cannot substitute.
Loss of function of the two closest paralogs BSL2 and BSL3 causes a peculiar set of phenotypic alterations that are unrelated to the typical BR-deficient syndrome. In fact, the responses to BRs in bsl loss-of-function mutants are only marginally affected. BSL1, BSL2 and BSL3 interact with intermediates of the BR signaling pathway, and strong overexpression of BSL2 has a stimulatory effect on the BR pathway, but in all cases in quite different manner from what has been reported for BSU1. Our results therefore show that BSL phosphatases play an essential function in plants and, at the same time, that their role in BR signaling should be reassessed. In addition, we suggest that drawing mechanistic inferences based on the divergent and phylogenetically restricted BSU1 may be misleading.
Results

Phylogenetic analysis of BSL phosphatases in land plants
In order to clarify the phylogenetic relationships of PPKL phosphatases in land plants, we performed a search and curation of related sequences in fully sequenced genomes and EST collections from green organisms (Supplemental regions, respectively (Bowers et al., 2003) , derived from the At-α whole genome duplication (WGD) that took place before the radiation of the Brassicaceae (Barker et al., 2009; Beilstein et al., 2010) . To better characterize the evolution of BSL genes in this family, we first looked at the evolutionary rates in nucleotide sequences in the 22 genes shown in Fig. 1A with a test of molecular clock: the null hypothesis of equal evolutionary rates throughout the tree was soundly rejected (Supplemental Table S1 ). Unequal evolutionary rates after duplication events can be assessed by computing the ratio between synonymous vs. nonsynonymous nucleotide substitutions (dN/dS, ω ). In a simplified scenario, one of the duplicated copies retains the ancestral function and remains under the same selective regime (ω<1). The other copy, if not under pressure for keeping the ancestral role, will either lose or change its function. If the original function is lost, no selective pressure will prevent the fixation of random substitutions, resulting in a scenario of relaxed selection (ω~1) that will ultimately lead to pseudogenization unless a new selective regime is attained. In the process of adjusting to a new function, the gene will undergo a period of selection favoring an excess of nonsynonymous substitutions (ω>1) (Hahn, 2009) . We inferred dN/dS values in all branches and computed the probability of ω >1 at each branch. Low ω values were distributed across most of the tree, indicating that strong purifying selection is acting on BSL1-, BSL2-and BSL3-type genes. In contrast, the highest values for model-averaged dN/dS were assigned to the branch separating the BSL1 and BSU1 clades and, significantly, to all the branches in the BSU1 clade ( Sequence divergence is not the only unusual feature of BSU1-type genes. Splice patterns appear to be very conservative in many functionally relevant land plant genes (Teich et al., 2007) . Indeed, the position and phase of introns have been strictly conserved in PPKLs from liverworts to angiosperms, the only exception being BSU1-type genes: not only has the splice pattern preceding the catalytic domain been rearranged, but this pattern differs between species in the Brassicaceae (Supplemental Fig. S2 ).
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Land plant PPKL phosphatases thus belong to two ancient and highly conserved clades. Brassicaceae BSU1-type sequences are, in contrast, characterized by an unusually high degree of sequence divergence, even between closely related species. In the next sections we will explore some functional inferences derived from these observations.
Contrasting expression patterns and subcellular localization of BSL phosphatases
Considering their evolutionary history, BSL-type phosphatases may differ in distribution and/or functions. We evaluated the expression patterns of the four BSL genes in Arabidopsis using fusions of their promoter regions to β -Glucuronidase (Fig. 2) . We found two contrasting patterns. BSL2 and BSL3 showed identical expression patterns; expression was particularly strong in pollen, but weak in vegetative tissues, where it mostly localized to the periphery of the apical meristem and to the root vasculature (Fig. 2E ,F and I,J). BSL1 expression was, in contrast, considerably stronger in vegetative organs, concentrating in vascular strands and at the tip of cotyledons and leaves, in stamen filaments and anthers, but excluded from pollen ( Fig. 2A,B and Supplemental Fig. S3A for a close-up view of mature anthers). We couldn't detect a consistent expression of the BSU1 promoter after screening several independent lines with different staining conditions (Fig. 2M,N) .
BSU1 promoter activity was previously detected in several tissues and organs (Mora-Garcia et al., 2004) , but the construct used was carried on a vector backbone prone to produce ectopic expression patterns due to a double 35S promoter. Our present results, instead, are in good agreement with data from transcriptomic studies, both for expression levels and patterns (Zimmermann et al., 2004; Schmid et al., 2005; Winter et al., 2007; Liu et al., 2011) .
We also evaluated the subcellular localization of the four GFP-tagged proteins expressed (as p35S:cDNA) in Nicotiana benthamiana leaves (Fig. 2C ,G,K,O) and in stably transformed Arabidopsis seedlings (Fig. 2D ,H,L,P). Both systems showed identical results. BSL2 and BSL3 were found in the cytoplasm and nuclei; an identical pattern was obtained using a functional GFP-tagged BSL2 expressed from a genomic construct (see below and Supplemental Fig. S6B ). BSL1 was, in 1 1 contrast, localized only in the cytoplasm and excluded from nuclei, whereas BSU1 showed a strong nuclear and weak cytoplasmic localization. Similar patterns have been reported for Arabidopsis BSU1 and BSL1 (Mora-Garcia et al., 2004; Kim et al., 2009) , for a rice member of the BSL2/BSL3 clade (Qi et al., 2012) and for tomato BSL1 expressed in N. benthamiana leaves (Saunders et al., 2012) .
The contrasting expression and subcellular localization patterns of BSL2/BSL3 and BSL1 suggest that these genes perform a similar function in different cell types or compartments, or have different roles. We next studied the phenotypic effects caused by the loss of function of these genes.
Phenotypic effects in bsl loss-of-function mutants
We identified several transferred DNA (T-DNA) insertion mutants in BSL1, BSL2
and BSL3 (Supplemental Fig. S4A ). All but one appeared to produce complete loss-of-function alleles. Individual insertions failed to produce noticeable alterations; BSU1 knock-out mutants have also been shown to be phenotypically silent (Mora-Garcia et al., 2004; Kim et al., 2009) . The fact that BSL2 and BSL3 are close homologs with identical expression patterns suggested that they may have a significant functional overlap. Indeed, all combinations between bsl2 and bsl3 alleles produced the same and characteristic set of phenotypic effects. The bsl2-1 allele was caused by a T-DNA inserted at the 5' end of the coding region; whenever this allele was present, the phenotypic effects were milder. bsl2-1 plants probably produce low amounts of a truncated protein: we detected transcripts extending to the 3'utr by RT-PCR (Supplemental Fig. S4B ) and shorter mRNA species by Northern blot, but no differential protein bands in Western blots (data not shown).
bsl2 bsl3 double mutant seedlings were small, had epinastic cotyledons and displayed different degrees of symmetry breakdown and cotyledon fusion (Fig. 3A) .
The proportion of laterally fused cotyledons correlated with the severity of the allele: 5/80 (6%) in bsl2-1 bsl3-1 but 19/73 (19%) in bsl2-2 bsl3-1. Although lightgrown seedlings were shorter than the wild type (WT) (Fig. 3B) , cell elongation was not intrinsically affected, as shown by the ability of dark-grown hypocotyls to elongate as much as those of the WT (Supplemental Fig. S3B ). In contrast, roots 1 2 were significantly shorter than in the WT and produced fewer lateral roots (Supplemental Fig. S3C, D) . Hypocotyls and primary roots in the double mutants were remarkably twisted around their axes ( Fig. 3D and Supplemental Fig. S3E ). Double mutant adult plants remained small, with twisted leaves (Fig. 3C ), but their developmental transitions were not unlike those of the WT. Inflorescence stems in bsl2 bsl3 mutants carrying strong-effect alleles were fasciated, with extensive fusions between petioles and the main stem (Fig. 3C) . In leaves and derived organs (petals and ovaries), the vascular pattern was noticeably disrupted and the proportion of stray higher-order vascular bundles correlated with the severity of the allelic combination ( Fig. 3E and Supplemental Fig. S3F ). In the inflorescence stems, vascular bundles were less developed and lacked interfascicular fibers (Fig.   3F ).
Flowers were particularly affected in the double mutants. Flower organs were mostly normal in shape and number in bsl2-1 combinations, but failed to properly develop in bsl2-2 combinations (Fig. 4A-C) . Stamen filaments showed different degrees of fusion, and were altogether unable to elongate in bsl2-2 mutants (Fig.   4B ,C). Buds were never closed due to outwardly opening sepals (Fig. 4D,E) .
Ovaries stood on top of gynophore-like structures, away from the insertion of sepals and petals; in bsl2-2 mutants, ovaries ranged from having two to no carpels at all (Fig. 4F ). All bsl2 bls3 double mutants were male and female sterile; mutant ovules, when present, had a collapsed structure (Fig. 4G,H) . Despite their strong expression in pollen, loss of function of BSL2 and BSL3 did not significantly impair the production of mutant progeny, as long as the sporophyte carried at least one WT allele. However, a segregation bias in the proportion of double bsl2-2 bsl3-1 mutant siblings (73/360 observed vs. 90/360 expected) suggests an effect in the development of gametes or embryos (see last section).
The phenotype of bsl2 bsl3 double mutants could be rescued by a genomic fragment comprising the full BSL2 coding sequence. This fragment was engineered to make translational fusions to GFP or HA; only C-terminal fusions complemented the mutant phenotype (Supplemental Fig. S6C ).
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BSL phosphatases have been linked to BR signaling (Mora-Garcia et al., 2004; Kim et al., 2009; Ryu et al., 2010; Kim et al., 2011) . Despite their reduced size and sterility, the phenotype of the bsl2 bsl3 mutants did not match that of BR-related mutants. We therefore analyzed in detail the state of BR signaling in plants with either reduced or increased expression of BSL proteins.
Brassinosteroid responses in plants with altered levels of BSL proteins
We first surveyed several outputs of BR signaling in bsl1, bsl2, bsl3 and bsl2 bsl3 mutants, using the strong bsl2-2 allele to better reveal possible effects.
The phosphorylation state of BES1/BZR1 is a sensitive readout of the signal intensity through the pathway. Whereas the state of BES1 in bsl1 mutants was identical to the WT, the abundance of fully phosphorylated form(s) in bsl2 and bsl3 single mutants decreased; at the same time, the levels of forms migrating between the fully phosphorylated and dephosphorylated species increased (Supplemental Fig. S5A ). In the bsl2 bsl3 mutants the amount of fully dephosphorylated BES1 was reduced compared to WT and correlated with the severity of the bsl2 allele ( Fig. 5A and Supplemental Fig. S5B ). Nonetheless, in response to the BL analog 24-epiBL (eBL), BES1 was as readily dephosphorylated in the double mutants as in the WT or in the BL-deficient det2 mutant; this response was clearly different in BR-insensitive mutants ( Fig. 5A and Supplemental Fig. S5B ). The signaling pathway thus appears to be fully functional. In fact, the responses of the bsl2 bsl3 mutants to treatments with eBL ( Fig. 5B) or with the BR-biosynthesis inhibitor brassinazole (Brz) (Fig. 5C and Supplemental Fig. S5C ) were identical to the WT. Also, the expression of target genes under tight feedback regulation by BR remained unchanged (Fig. 5D ). We next tested the effects of the double mutation in sensitized genetic backgrounds, i.e., in bri1-301, a kinase-dead BRI1 mutant with a mild phenotype (Xu et al., 2008) , and in bin2-1, that carries a gain-offunction mutation that disrupts the BSU1-dependent regulation but does not block BSU1 binding (Kim et al., 2009 ). The bsl2 bsl3 combination had additive, but not synergistic, effects in homozygous bri1-301 or in heterozygous bin2-1 mutants (Fig. 5E,F) . Surprisingly, the double mutation significantly relieved, rather than enhanced, the stuntedness of homozygous bin2-1 inflorescences (Fig. 5F ).
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BSU1 was first identified as a gene that, when overexpressed, partially suppressed the phenotype of weak bri1 mutants (Mora-Garcia et al., 2004) . The inability of overexpressed BSU1 to suppress the phenotype of homozygous bin2-1 mutants placed this gene, and by extension the whole family, upstream of BIN2 in the signaling pathway (Kim et al., 2009) . When analyzed the GFP-and HA-tagged BSL2 lines that complemented the bsl2 bsl3 phenotype (see previous section). In both cases, the genomic sequences were placed under the influence of multimerized 35S enhancers (Weigel et al., 2000) . The BSL2:HA line expressed protein levels slightly over those of the WT, whereas the BSL2:GFP line accumulated significantly higher amounts of protein (Supplemental Fig. S6A ; see Supplemental Fig. S7A for a control of the specificity of the anti-BSL antiserum).
Rosette leaves in these lines were longer and more erect than in the WT (Supplemental Fig. S6C ), resembling weak versions of BRI1 or DWF4 overexpressing lines (Mora-Garcia et al., 2004) . However, we could not detect an enrichment in dephosphorylated BES1 in these lines, as happens in bsu1-D plants ( Fig. 6A and Supplemental Fig. S6A ), even if the line with the highest expression levels showed reduced sensitivity to Brz (Fig. 6B) . When introduced into a bri1-301 background, enhanced BSL2 expression mildly alleviated the mutant phenotype ( Fig. 6C and Supplemental Fig. S6D ) but the levels and phosphorylation of BES1 remained unchanged (Fig. 6E) . Remarkably, overexpression of BSL2 suppressed, in a dose-dependent manner, the phenotype of both heterozygous and homozygous bin2-1 mutants ( Fig. 6D and Supplemental Fig. S6E ). In bin2-1 plants with higher levels of BSL2 the overall amount of BES1 increased, but this was barely noticeable in the moderate overexpressors. In any case, the ratio between the phosphorylated and dephosphorylated forms remained unchanged and resembled that of bin2-1, rather than the WT (Fig. 6F ).
The BR signaling pathway thus appears to be mostly intact in bsl1 single and bsl2 bsl3 double mutants, and is only stimulated in lines with greatly enhanced levels of BSL2. To further clarify the involvement of these phosphatases in BR signaling, we assayed their interaction with known actors in the pathway.
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We tested the ability of the four BSL proteins to interact with some of the RLCK identified as partners of BSU1. We chose BSK1 because it was shown to be phosphorylated by activated BRI1 in vivo (Tang et al., 2008) , BSK3 because its absence produces a mild BR-deficient phenotype (Tang et al., 2008; Sreeramulu et al., 2013) , and CDL1 because its expression levels are significantly higher than those of CDG1 and was reported to interact with both BSU1 and BSL1 (Kim et al., 2011) . We found that BSL2 and BSL3 were able to interact with BSK1 and BSK3, whereas BSL1 interacted with BSK3 but only weakly with BSK1 (Fig. 7A, B) . Surprisingly, BSU1 did not interact with any BSK in this system (all proteins were similarly expressed in yeasts, as shown in Supplemental Fig. S7B ). The interaction of CDL1 with BSLs was obscured by a strong background activation of the reporter when CDL1 was used as bait. Still, BSL1 and BSU1 appeared to weakly interact with CDL1, whereas the interaction with BSL2 and BSL3 was not significantly different from the background (Fig. 7C ).
BR-activated BSU1 inactivates BIN2 dephosphorylating a conserved Tyr residue (Tyr200 in BIN2); as a result, BIN2 becomes unstable (Kim et al., 2009 ). We thus assayed the effect of BSL phosphatases on the stability and Tyr200 phosphorylation of BIN2 in a transient expression assay (Kim et al., 2009 ). The expression of BSU1 did significantly reduce the abundance of co-expressed BIN2.
However, the level of phosphorylated Tyr200 correlated, in this steady-state experimental setting, with the amount of protein, precluding any conclusion on the relevance or kinetics of the dephosphorylating reaction (Fig. 7D) . Strikingly, no changes in BIN2 abundance or phosphorylation could be evoked by BSL1, BSL2 (Fig. 7D) and BSL3 (not shown).
Taken together, these results confirm and extend previous evidence for the interaction of BSL phosphatases with intermediates of the BR signaling pathway (Kim et al., 2009; Kim et al., 2011) , but at the same time show that the isoforms display different, and even contrasting, reactivities and/or affinities towards these partners. Table   2 ).
BSL1, BSL2 and BSL3 play together an essential function in Arabidopsis
The complete absence of triple mutants thus appears to be the result of both partial female gametophyte malfunction and outright early embryonic lethality. Together with the indication of strong purifying selection, these results show that, in
Arabidopsis, the conserved BSL1 and BSL2/BSL3 together perform an essential role, that BSU1 is unable to cater for.
Discussion
PPKL are protein phosphatases of still poorly characterized roles, found only in plants and alveolates. We set out to explore the relevance of these proteins in Arabidopsis, using the BR signaling pathway as a testing system. We found that
BSLs perform an essential function in plants, and characterized the alterations caused by the loss of two close paralogs. Our results also indicate that the evolutionary history of this small gene family must be taken into account to precisely gauge the contribution of each isoform. This applies to their role in BR signaling, which we suggest should be reconsidered.
Essential role of BSLs
Loss However, our attempts to connect the mutant phenotype to auxin have thus far proved inconclusive (our unpublished observations). One of the BSL2 homologs in rice has been shown to interact with Cyclin T1 (Qi et al., 2012) , suggesting that these phosphatases modulate the cell-cycle progression. Although we couldn't find a phenotypic correlate to the loss of BSL1, this gene, together with BSL2 and BSL3, modulates some essential process(es). Remarkably, the presence of a functional BSU1 failed to rescue the absence of its homologs, despite the fact that this gene is specifically expressed in pollen (Borges et al., 2008; Liu et al., 2011) and during early endosperm development (Wolff et al., 2011) . Analyzing only the couple BSL1/BSU1 in Arabidopsis, Liu et al. (Liu et al., 2011) suggested that BSU1 must have undergone a process of neofunctionalization. Our analyses showed that BSU1-type genes transit an ongoing process of sequence divergence under a more relaxed evolutionary regime than their highly constrained paralogs. The analysis of the role of BSLs in BR signaling provided further support for functional splits inside the family.
Functional divergence of BSL phosphatases
The link between BSLs and BR signaling has been built mostly on BSU1, the first member of the family identified (Mora-Garcia et al., 2004; Ryu et al., 2007; Kim et al., 2009; Ryu et al., 2010; Kim et al., 2011) . We found that BSL phosphatases 1 9
appear to modulate BR signaling to some extent, but in a way that calls the current model into question.
Neither bsl1 No matter the ploidy, in every species the ratio BSL1:BSL2/BSL3 ranges from 1:2 to 1:1, which suggests that a certain balance between both isoforms has been 1 selected. It should be borne in mind that BSU1 was identified through an activation tagging strategy, and that a great deal of the experimental support for its role in BR signaling has been gained through overexpression. As discussed before, it is possible that the interaction of BSU1 with the BR signaling complex is weak, but can be detected in some conditions. If this divergent and phylogenetically restricted gene has changed function(s), we should ponder to what extent it interferes, rather than concurs, with its conserved and ubiquitous homologs when ectopically overexpressed. BSU1-type genes manifest, on close inspection, unusual features not observed in other BSLs. The full-length AtBSU1 mRNA coexists with an alternatively spliced form that retains the 11th intron, introducing a stop codon at the end of the Kelch domain. Our attempts to detect a truncated form of the protein or assign a function to an isolated Kelch domain have been unsuccessful (our unpublished observations). In CrBSU, a nucleotide is missing at the 9th exon, altering the reading frame and forcing an anomalous splicing in the annotated protein sequence. We introduced the missing nucleotide to restore the consensus splicing and protein sequence, but whether this mutation is real or a sequencing error remains to be proved. In SpBSU, the genomic region between the Kelch and catalytic domains is rich in repetitive sequences, making the splicing pattern we suggest speculative. These peculiarities suggest that BSU1-type genes might be susceptible to nonsense mediated RNA decay, explaining in part the low expression levels observed for AtBSU1. Added to the evidence for a relaxed selective regime, it might be worth considering whether we assist to the birth of a new function, or to the demise thereof. In fact, it has been suggested that genes in Arabidopsis with very low expression levels might be en route to pseudogenization (Yang et al., 2011) ; examples of decaying functions are not unheard of (for instance (Cui et al., 2011) ) and will probably become less of an oddity as more full gene complements are analyzed. offers the best tools to understand how ancient functions have been modified and co-opted across different phylogenetic groups and levels of organization.
Materials and Methods
Materials and general plant methods
Arabidopsis T-DNA insertion lines and BAC clones were obtained from ABRC (abrc.osu.edu). All T-DNA lines were back-crossed twice into the Col-0 background. Arabidopsis full-length cDNA clones for BSL1 (RAFL09-11-J01), BSL2 (RAFL16-56-H16) and BSL3 (RAFL16-39-G23) were obtained from RIKEN (www.brc.riken.jp/lab/epd/catalog/cdnaclone.html). cDNA clones for BSL1 and BSL3 were edited before use: the BSL1 clone carries a mutation in a highly conserved residue of the phosphatase domain (Q794P) and the BLS3 clone is a mis-spliced form that retains part of the 13 th intron, introducing a premature stop codon. In both cases, the sequences around these positions were replaced by their respective WT cassettes amplified from Col-0 retrotranscribed RNA. The full length cDNA for BSU1 was amplified from retrotranscribed RNA derived from bsu1-D
plants (Mora-Garcia et al., 2004). Full-length cDNAs for BIN2, BES1, BSK1, BSK3
and CDL1 were amplified from Col-0 retrotranscribed RNA.
Arabidopsis seeds were surface sterilized with 70% ethanol/0.05% Triton X100, sown on 0.5x MS, 0.8% agar plates, stratified for 3 days at 4°C and induced to germinate with a 1-hour white light pulse. 10-day-old seedlings were transferred to pots containing a 1:1:1 mixture of vermiculite, perlite and peat, and grown under long-day conditions (16 hours light:8 hours darkness) at 22°C. Transformation was carried out by the floral dip method (Clough and Bent, 1998).
Nicotiana benthamiana plants were grown on pots containing a 1:1:1 mixture of vermiculite, perlite and peat, under long-day conditions at 24°C with weekly fertilization.
Molecular techniques
Oligonucleotides used are listed in Supplemental Table S2 .
For promoter analyses, we used a derivative of the pBI101. sequences, from the end of the annotated 3'utr of the upstream gene to the third coding codon, were amplified from BAC clones T4I9 (BSL1), T27G7 (BSL2), T22O13 (BSL3) and F21B7 (BSU1).
For genotyping, DNA was extracted from individual leaves according to (Berendzen et al., 2005 For 35S-driven GFP-and HA-tagged constructs, the full length cDNA clones flanked by attachment sites were recombined using the Gateway system 
Phylogenetic analysis
Sequences were retrieved using tblastn (Altschul et al., 1997) from a variety of sources, using the amino acid sequences of the Arabidopsis or rice BSL genes as query. Whenever possible, BLAST results were used as starting points to retrieve the full genomic sequences, which were manually spliced. Curated nucleotide sequences, translated to their corresponding amino acid sequences (Geneious 5.6.5, Biomatters, www.biomatters.com), and the list of databases used are shown in Supplemental Dataset S1 online.
Amino acid sequences were aligned using the MAFFT algorithm implemented in Geneious (Katoh et al., 2002) . The aligned sequences were manually inspected and edited with eBioX v1.5.1 (ebioinformatics.org) in order to refine the alignment and exclude hypervariable, ambiguously aligned regions. We generated a fulllength dataset and an alignment containing the C-terminal region only (starting at position 451 of the A.thaliana BSU1 protein). For each of the datasets we conducted a phylogenetic analysis using the RAxML version 2. 
Hystological and microscopical techniques
For GUS staining, tissues were collected in cold 90% acetone, rinsed with infiltration buffer (50mM NaPhosphate buffer pH 7.5, 0.1% Triton-X 100, 2mM NaFerricyanide, 2mM NaFerrocyanide) and vacuum infiltrated with infiltration buffer plus 1mM X-Gluc (cyclohexylammonium salt, www.x-gluc.com). Staining was performed at 37°C and stopped after 5 hours for ProBSL1:GUS and after 14 hours were counted under a dissecting microscope and root length was measured from scanned images as above.
Western blots
The antiserum against BSL2 was raised in mice using as antigen a recombinant 
Yeast two-hybrid assays
The corresponding cDNA clones were recombined using the Gateway system into pDEST22 or pDEST32 (Invitrogen) and introduced into the yeast AH109 strain 
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Rate heterogeneity between lineages was assessed with MEGA 5 (Tamura, 2011), with 22 nucleotide sequences and a total of 2042 positions in the final dataset; positions with less than 95% site coverage were eliminated. The test was performed comparing the Maximum Likelihood value for the given topology with and without the molecular clock constraints, under the Tamura-Nei model (+G+I).
Differences in evolutionary rates among sites were modeled using a discrete Gamma (G) distribution and allowed for invariant (I) sites to exist. The null hypothesis of equal evolutionary rate throughout the tree was rejected (P<0.001). 
